INTRODUCTION
Streptolysin 0 is a lethal and cytolytic protein toxin (M, -65000) released in the extracellular medium along with many other exotoxins, exoenzymes and mitogens during the growth of Lancefield groups A, C and G streptococci (for review, see Alouf, 1980) . The purification, properties and mechanism of action of this toxin have been studied extensively. In contrast, the genetic and physiological regulation of the synthesis and excretion of streptolysin 0 has yet to be elucidated. The work described here was initiated as a preliminary step in the study of the biochemical factors governing streptolysin 0 production.
The effect of the composition of culture media on toxinogenesis was investigated as has been done for many bacterial toxins (see Discussion). It is known that culture media which promote good growth are not necessarily toxinogenic (see Van Heyningen, 1970; Raynaud & Alouf, 1970) . Poor toxinogenesis or its absence in certain complex, semi-synthetic, or chemically defined media which however support good growth, has been attributed in a number of cases to the lack of toxinogenic factors (different from growth factors) which consist of partly defined oligopeptides or polypeptides present in toxinogenic media containing appropriate protein hydrolysates. These substances and (or) medium components prepared by dialysis or gelfiltration of protein hydrolysates have been reported to induce or stimulate the production of tetanus toxin (Mueller & Miller, 1956) , botulinum toxin (Boroff & Das Gupta, 1970) , staphylococcal enterotoxin B (Wu & Bergdoll, 197 1 a, b ; Dalen, 1973) , Clostridium perfringens alpha-toxin (Nekvasilova et al., 1970) , cholera toxin (Finkelstein & LoSpalluto, 1970) and Pqeudomonas exotoxin A (De Bell, 1979) . Undefined peptides from enzymically digested prbteins have been reported to be necessary for the synthesis of streptolysin 0 by nonproliferating streptococci (Fox, 1961). In the light of these findings it appeared interesting to investigate whether the production of streptolysin 0 requires such toxinogenic factors. For this purpose, we devised a simple synthetic mddium (SM) containing only amino acids, purines, pyrimidines, growth factors, inorganic salts 2 000 * Groups of concentrated components were sterilized separately (see Methods), the final pH was 7.2.
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Synthetic culture medium ( S M ) . This medium (Table 1) was prepared from several groups of components; groups 1, 5 , 6 and 7 were sterilized separately by autoclaving (1 10 "C, 40 min) and groups 2, 3 and 4 by filtration through 0-22 pm membrane filters (Millipore). The final pH was 7.2.
Diflusatesfrom various peptones. Yeast extract (Difco) diffusate was made by suspending yeast extract (10 g) in distilled water (100 ml) and dialysing the slurry against distilled water (400 ml) for 48 h at 4 "C. The diffusate was made up to a final volume of 400 ml. Similar diffusates were prepared with 15 g Trypticase (BioMkrieux) and 18 g Brain Heart Infusion (Difco), respectively, under the same conditions. The absorbance of the three diffusates at 370 nm was used as an approximate indication of the concentration of diffusible substances.
Culturalconditions. A number of 500 ml flasks, each containing 200 ml of CM or SM, were inoculated with 10 ml (for CM) and 30 ml (for SM) of an overnight culture of the strain in the corresponding medium. The flasks were incubated without pH regulation at 37 "C for varying time periods as indicated. Cultures were sampled regularly to determine bacterial growth and to assay extracellular proteins, streptolysin 0 and NADase.
Measurement ofgrowth. Growth was followed as A,,, of suitably diluted samples of bacterial cells and by the estimation of bacterial dry weights. Culture samples (10 ml) were centrifuged at 17000 g for 10 min at 4 "C. The cells were washed once with cold distilled water and resuspended in water to suitable volumes. A600 was measured in a Beckman spectrophotometer. Dry weights were determined with washed cells suspended in distilled water and dried to constant weight at 105 "C. A600 = 1.0 was equivalent to 230 pg dry weight per ml of bacterial suspension. All determinations were made in duplicate. Growth rate constant (p) was given by:
for time t, to t2.
Total bacterialproreins. Bacteria at the beginning of the stationary phase were harvested from the culture (2 ml) by centrifugation, washed once with phosphate buffered saline (PBS) (Na2HP04. 12H20, 13.42 g; NaH,PO,, 5.17 g; NaCl, 4.5 g, in 1 litre distilled water) and resuspended in 2 ml PBS. The suspension was mixed with 2 ml cold 10% (w/v) TCA. The precipitates were maintained for 30 min in the cold and then centrifuged (lOOOOg, 10 min). The pellets were dissolved in 2 mlO.5 M-NaOH and boiled for 5 min. Total protein content in the resulting solution was determined by the Lowry method. Bovine serum albumin (BioMerieux) was used as a standard.
Determination of extracellular proteins. Proteins were precipitated from 5 ml samples of culture supernatant fluids and uninoculated media (controls) by the addition of an equal volume of 10% (w/v) TCA. The preparations were allowed to stand for 15 min and then centrifuged at 6500 g for 5 min. The precipitates were redissolved in 1 ml 1 M-NaOH and the protein in the resulting solutions was determined as described above. The yield of extracellular protein was calculated by subtracting the value found for controls (uninoculated medium).
Streptofysin 0 assay. This toxin was assayed by a haemolytic assay (Alouf, 1980 ) using a 5% standardized sheep erythrocyte suspension (6 x lo8 cells ml-l). One haemolytic unit (HU) was defined as that smallest amount (highest dilution) of test material that caused 50% lysis at 37 "C within 45 min; this is equivalent to 5 ng protein (3 x pmol). NADase activity. The assay for NADase in culture fluids was performed according to Carlson et af. (1957) as modified by Alouf et al. (1978) . Enzyme activity was expressed as pkat 1 -I .
Proteolytic activity. Streptococcal proteinase was assayed in supernatant culture fluid by an 'Azocoll' substrate method. The test material (0-5 ml) was initially reduced by incubation with 0.5 ml 0.25 M-cysteine in PBS. The experimental procedure was similar to that described by Alouf & Jolivet-Reynaud (1981) .
RESULTS

Bacterial growth and toxin production in complex medium
The growth curve of the strain and the kinetics of toxin release in Trypticase-yeast extract medium without pH control are shown in Fig. 1 (a) . Growth ceased within 6 h. During this period the pH decreased from 7.6 to 6-2. The strain grew exponentially with no lag phase for 4 h. The doubling time was 67 min corresponding to a growth rate constant p of 0.62 h-l. A postexponential phase of growth cycle lasted about 2 h during which the bacterial mass increased by a factor of 1.6. Throughout the whole growth cycle, streptolysin 0 was released at a constant rate proportionally to the bacterial mass (Fig. 2) . The differential rate of streptolysin 0 formation defined as the ratio of the amount of haemolysin released to the amount of bacterial mass (reflected by bacterial turbidity) appearing within the same period of time was calculated from the slope of the line HU/A,oo. This rate (1 10) was not affected by pH decrease. No further increase of toxin titre was observed over a period of 5 h after the beginning of stationary phase.
The values of bacterial density and the levels of extracellular proteins, streptolysin 0 and NADase at the beginning of stationary phase in CM are reported in Table 2 . Whereas the bacterial mass formed was substantial (0.92mg dry weight ml-l), the amount of total extracellular protein was low and accounted for only 5.8% of total cell proteins. The titre of streptolysin 0 (450 HU equivalent to 2-25 pg ml-l) was equal to the optimal amount found previously (Alouf, 1980) . The toxin constituted 7.5 % of the extracellular proteins and was in the reduced state since no significant increase in the haemolytic activity was observed after activation by thiols. No protease activity was detected in the extracellular fluid.
Strain S84 was grown in 15 1 CM at 37 "C under controlled pH (maintained between 7-1 and 7.3) in an 18 litre fermenter (Biolaffite, Poissy, France). Bacterial growth did not appear to be significantly influenced by pH control. The growth curve was practically identical to that shown in Fig. 1 (a) . Doubling time was 60 min and maximum bacterial density was of the same order as that reported in Table 2 . However, a lower yield of streptolysin 0 was obtained (250 HU ml-l) which may have been due to the slight agitation of the medium required for continuous pH correction or to unfavourable pH for optimal synthesis (or release) of streptolysin 0. When the phosphate concentration was doubled growth reduced by 20% and toxin levels by approximately 50 %. Bacterial growth and toxin production in synthetic medium S84 strain was unable to grow on SM without prior adaptation. The procedure for strain adaptation was to culture the strain in CM and to replace the medium progressively with increasing quantities of SM. After eight successive transfers, optimal growth was obtained on SM. However, the study of the kinetics of growth and toxin production was carried out with the strain after 15 transfers in SM to exclude the possibility of carrying over streptolysin 0-promoting factors from CM. The ability of the adapted strain to grow and produce toxin proved to be stable after repeated subculturing in SM. Whether this adapted strain represented a mutant selected at low levels in CM remains to be determined. Synthetic medium supported bacterial growth as well as the production of streptolysin 0 and NADase (Table 2) . NADase is often associated with toxin in culture filtrates and is difficult to separate from streptolysin 0 during purification (Alouf, 1980) . The strain grew exponentially although at a low rate (doubling time: 255 min, p -0.16 h-l) as compared to that observed in CM. The maximum mass formed ( -0.3 mg dry weight ml-l) was threefold less than that attained in CM. Toxin was produced as in CM at a constant rate during active growth. It was not released during stationary phase (Fig.  1 b) . The maximum amounts of toxin found in culture supernates were about 125 HU ml-l in SM supplemented with 2% (w/v) dextran used as a stabilizer and 70HUml-l when this carbohydrate was omitted (Tables 2 and 3 ).
The amounts of toxin formed per unit of bacterial mass in complex and synthetic media (in B . DASSY A N D J . E . ALOUF presence of dextran) were approximately the same under optimal conditions indicating that growth and toxin synthesis were proportionately correlated and that no specific stimulation of toxin was afforded by the ingredients of CM. However, the differential rates of release of the toxin in CM and SM in the absence of dextran were different (Fig. 2) . No increase of cell mass and toxin production was observed in SM supplemented with yeast extract, Trypticase or Brain Heart Infusion diffusates (Table 3) . These different diffusates did not potentiate the stabilizing effect of dextran 20. Thioglycolic acid M) added to the SM decreased bacterial growth by 20% and toxin production by about 50%. No proteinase activity was detected in culture supernates in SM.
M) or ascorbic acid (5 x
Eflect of glucose and other carbohydrates on bacterial growth and toxin production in complex medium Growth, toxin and NADase production were markedly affected by glucose up to a final concentration of 1 % (w/v). In the absence of glucose, the titres of streptolysin 0 and NADase in culture medium at the end of bacterial growth (A600 -0.92) were 75 HU ml-1 and 23 pkat l-l, respectively. Activity increased almost linearly with increasing glucose concentration and at 1 % (w/v) reached values similar to those reported in Table 2 . Growth was also maximal (A600 -4.5). No further variation of growth, toxin and enzyme levels were observed when glucose concentration was increased up to 5%.
The effects of other hexoses (mannose, galactose), disaccharides (lactose, maltose, sucrose), mannitol and dextran 20, on bacterial growth and streptolysin 0 production were investigated.
Hexoses and mannitol were used at a concentration of 0.05 M corresponding to 1 % (w/v) in terms of glucose. Similarly the concentration of glycerol was 0.1 M and that for 12-carbon carbohydrates was 0.025 M. Dextran 20 concentration was 1 % (w/v). Growth and streptolysin 0 titres were maximal and similar in the presence of glucose, sucrose and maltose (A6** -4-6; 300HUml-l). Both growth and toxin levels were reduced by about 50% in the medium supplemented with either galactose or mannose. However, for the latter, the absorbance after 24 h of culture was equal to that found with glucose. No increase in growth and toxin production with respect to basal medium was observed for glycerol, mannitol, lactose and dextran. No detectable protease was produced in the presence of any of the carbohydrates tested.
DISCUSSION
Groups A, C and G streptococci are generally considered as nutritionally fastidious bacteria requiring media containing protein or protein digestion products for good bacterial growth (see Mickelson, 1964; Holm & Falsen, 1967; Van de Rijn & Kessler, 1980) . The chemical and environmental factors that influence the formation of streptolysin 0 and other streptococcal products have been so far poorly documented. Previous investigations have shown that, in spite of good bacterial growth, streptolysin 0 production could be greatly affected by the nature of protein hydrolysates, glucose concentration or reducing agents of culture media (Slade & et al., 1981) . It was not always clear whether the low levels of streptolysin 0 (or its absence sometimes) in certain media were due to the inhibition of its synthesis, or release or to: (i) toxin denaturation as this protein is relatively labile and hydrophobic (Alouf, 1980) ; (ii) inactivation by cholesterol present in complex media ingredients; (iii) degradation by streptococcal proteinase, the production of which is greatly stimulated by glucose, certain peptones, yeast extract and pH below 6.7 (Cohen, 1969; Ozegowski et al., 1981) .
As complex media are by definition poorly defined they are unsuitable for the study of chemical factors governing toxinogenesis. This drawback was overcome by using chemically defined media. Such media that support the growth of various serotypes of group A streptococci have been formulated previously (Zampieri et al., 1960; Ginsburg & Grossowicz, 1957; Ogburn et al., 1958; Mickelson, 1964; Davies et al., 1968; Van de Rijn & Kessler, 1980) . Thus peptides or proteins were not absolute requirements for growth as contended by Slade & Slamp (1955) . Surprisingly no quantitative data on streptolysin 0 production in these media has been reported previously. Van de Rijn & Kessler (1980) referred to production of 'small' amounts, though growth yield was greater in the synthetic medium as compared to Todd-Hewitt broth. Poor yields of bacteria and bacterial products in synthetic medium was reported by Holm & Falsen  (1 967) .
The present work is, to our knowledge, the first systematic and comparative study of streptolysin 0 production in relation with bacterial growth in a complex medium (CM) and in a simple synthetic medium (SM). The strain used, S84, was the most fastidious of 22 haemolytic streptococcal strains used for testing the growth promoting effect of various complex media (Holm & Falsen, 1967) . Toxin production paralleled active growth in both CM and SM. However, growth rate, maximal cell mass, toxin and NADase levels in culture fluid were threefold higher in CM indicating that SM had nutritional limitations preventing optimal growth and attempts are now being made to improve this medium. Nevertheless, the maximal amounts of toxin or NADase released per unit of bacterial cell mass were the same in both media indicating direct proportionality between growth and toxinogenesis and also indicating that toxin synthesis and release do not require specific stimulatory or inducing factors such as those present in certain protein hydrolysates essential for the production of various other toxins (see Introduction).
This contention is supported by the finding that the supplementation of SM by peptone diffusates did not significantly increase toxin yields or growth. Toxin could be stabilized in the SM supplemented with dextran. It remains to be seen whether peptides are necessary for the synthesis of streptolysin 0, proteinase and virulence protein M by non-proliferating streptococci as reported by Fox (1961) . It is notable that no peptides were required for M protein production by growing streptococci in a synthetic medium (Davies et al., 1968) .
Streptolysin 0 was released at constant, although different rate, throughout the exponential and post-exponential growth phase in both CM and SM but not during the stationary phase (Fig.  2) . This finding is in accord with other studies in complex media (BoszormCnyi et al., 1967; Holm & Moller, 1971; Tiesler & Trinks, 1979) . The biphasic release rate reported previously (Alouf & Raynaud, 1965 ) may be due to the different conditions used. Such a biphasic pattern has been shown to govern the release of another cytolysin, staphylococcal a-toxin, the excretion of which is increased in the post-exponential growth phase (Coleman, 1981) . Under optimal conditions a-toxin accounted for 2% of cell dry weight (Duncan & Cho, 1971) and about 50% of the total exoproteins (-0.5 mg ml-l). Comparatively, the maximal amounts of streptolysin 0 released in CM (-2.2 pg ml-l) represented 7.5 % of total extracellular proteins and 0.24 % of cell dry weight, respectively.
Many bacterial extracellular proteins are repressed by glucose (Glenn, 1976) , but even in the presence of five times the optimal concentration of glucose there was no decrease of toxin and NADase levels in CM. This finding contrasts with the observation of BoszormCnyi et al. (1967) who reported some inhibition of toxin formation by glucose.
The same amounts of streptolysin 0 as those produced in presence of glucose were found in CM supplemented with either sucrose or maltose. However, toxin production and growth were proportionally reduced in CM supplemented with the other carbohydrates tested and with glycerol. Toxin formation was reduced in CM by increasing the phosphate concentration, a finding similar to that reported in synthetic media (Mickelson, 1964; Van de Rijn & Kessler, 1980) . The production of the toxin was also decreased in our SM supplemented with ascorbic acid or thioglycolic acid as also found in complex media (Slade & Knox, 1950; Fiivessy et al., 1967) .
The synthetic medium described in the present work should be appropriate for a systematic study of the regulation of the synthesis of streptolysin 0 and other streptococcal products. It could also prove to be more suitable for purification purposes than complex media because of the lack of contaminating peptides. Experiments with single-pulse, pulse-chase and isotope dilution techniques with radiolabelled presursors would aid in the investigation of the process of toxin biosynthesis and release. The use of radioactive precursors would also allow the preparation of an intrinsically labelled toxin as an alternative to 1251-labelled toxin for the study of the
